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ABSTRACT Gram-negativebacterianaturallyproduceoutermembranevesicles(OMVs)thatarisethroughbulgingandpinching
offoftheoutermembrane.OMVshaveseveralbiologicalfunctionsforbacteria,mostnotablyastrafﬁckingvehiclesfortoxins,
antimicrobials,andsignalingmolecules.Whiletheirbiologicalrolesarenowappreciated,themechanismofOMVformationhas
notbeenfullyelucidated.Werecentlydemonstratedthatthesignalingmolecule2-heptyl-3-hydroxy-4-quinolone(PQS)isre-
quiredforOMVbiogenesisin P.aeruginosa.WehypothesizedthatPQSstimulatesOMVformationthroughdirectinteraction
withtheouterleaﬂetoftheoutermembrane.Totestthishypothesis,weemployedaredbloodcell(RBC)modelthathasbeen
usedextensivelytostudysmall-molecule–membraneinteractions.OurresultsrevealedthatadditionofPQStoRBCsinduced
membranecurvature,resultingintheformationofmembranespicules(spikes),consistentwithsmallmoleculesthatarein-
sertedstablyintotheouterleaﬂetofthemembrane.RadiotracerexperimentsdemonstratedthatsufﬁcientPQSwasinsertedinto
themembranetoaccountforthiscurvatureandthatcurvatureinductionwasspeciﬁctoPQSstructure.Thesedatasuggestthata
lowrateofinterleaﬂetﬂip-ﬂopforcesPQStoaccumulateinandexpandtheouterleaﬂetrelativetotheinnerleaﬂet,thusinduc-
ingmembranecurvature.InsupportofPQS-mediatedouterleaﬂetexpansion,thePQSeffectwasantagonizedbychlorproma-
zine,amoleculeknowntobepreferentiallyinsertedintotheinnerleaﬂet.Basedonthesedata,weproposeabilayer-couple
model to describe P. aeruginosa OMV biogenesis and suggest that this is a general mechanism for bacterial OMV formation.
IMPORTANCE Despitetheubiquityandimportanceofoutermembranevesicle(OMV)productioninGram-negativebacteria,the
moleculardetailsofOMVbiogenesisarenotfullyunderstood.Earlyexperimentsshowedthat2-heptyl-3-hydroxy-4-quinolone
(PQS)inducesOMVformationthroughphysicalinteractionwiththemembranebutdidnotelucidatethemechanism.Thepres-
entstudydemonstratesthatPQSspeciﬁcallyandreversiblypromotesblebbingofmodelmembranesdependentuponthesame
properties that are required for OMV formation in P. aeruginosa. These results are consistent with a mechanism where expan-
sionoftheouterleaﬂetrelativetotheinnerleaﬂetinduceslocalizedmembranecurvature.This“bilayer-couple”modelcanac-
countforOMVformationunderallconditionsandiseasilygeneralizedtootherGram-negativebacteria.Themodeltherefore
raisesthepossibilityofauniversalparadigmforvesicleproductioninprokaryoteswithfeaturesstrikinglydifferentfromwhatis
knownineukaryotes.
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B
acteriautilizecomplextrafﬁckingschemestotransporttoxins
andsignalstotargetcells.Anunderstudiedyetimportanttraf-
ﬁcking mechanism involves the use of outer membrane vesicles
(OMVs) by Gram-negative bacteria. OMVs are spherical, bilay-
ered vesicles derived from the outer membrane that range in size
from 20 to 500 nm (1–9). Similar to the outer membrane, OMVs
possess an outer leaﬂet of lipopolysaccharide (LPS) and an inner
leaﬂet of phospholipid (1–9). OMVs also contain outer mem-
brane proteins and entrap periplasmic components, presumably
inthelumen,astheyarereleased(10–12).OMVshavebeenfound
associated with Gram-negative bacteria growing planktonically
and in surface-attached bioﬁlm communities, in solid or liquid
media, and in natural environments (2, 13–15). Once thought to
be artifacts of cell division, they are now known to have several
important biological functions, including delivery of toxins to
prokaryotic and eukaryotic cells (16–18), modulation of the im-
munesystem(13),trafﬁckingofsignalingmoleculesbetweenbac-
terialcells(18),andservingasapotentialstructuralcomponentof
surface-associated bioﬁlm communities (14).
Despite the known roles of OMVs in many important biolog-
ical processes, the molecular details of OMV biogenesis have not
been fully elucidated. A number of models have been proposed
based largely on either a loss of lipoprotein connections between
the bacterial outer membrane and the underlying peptidoglycan
layer (19–23) or accumulation of misfolded proteins in the
periplasmic space (24–26). These models are not mutually exclu-
sive and, indeed, have many features in common. However, since
enhancement of OMV formation by these routes requires genetic
manipulation to delete speciﬁc lipoproteins or induce a mem-
brane stress response, these models fail to explain how OMVs are
generated during “normal” growth in wild-type bacteria.
The opportunistic pathogen Pseudomonas aeruginosa repre-
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produced small molecule, the Pseudomonas quinolone signal
2-heptyl-3-hydroxy-4-quinolone (PQS) (Fig. 1), which is neces-
sary and sufﬁcient for OMV formation (18, 27). While initially
described as a bacterial signal important for controlling group
behaviors (28), PQS has subsequently been shown to be a multi-
functional molecule (29). Interestingly, elimination of the PQS
receptor did not alter PQS-mediated OMV stimulation in
P. aeruginosa (18), leading us to predict that PQS induces OMV
biogenesis by a physical process that is speciﬁc to its structure
ratherthanthroughsignaling(18,30,31).Becauseoftheirrolesin
cell-cellcommunicationandpathogenesis,elucidatingthemolec-
ular mechanism of OMV biogenesis will provide new insight into
P.aeruginosasignalinganddiseaseandpotentiallyprovideanovel
target for antimicrobial development.
Theintroductionofcurvatureintotheoutermembraneisnec-
essarily one of the ﬁrst prerequisites of OMV biogenesis. Because
of its hydrophobic nature (Table 1) and strong interactions with
LPS (30), we hypothesized that PQS contributes to OMV biogen-
esis through the induction of membrane curvature. To test this
hypothesis, we sought a model system where the contribution of
PQS to membrane curvature could be tested in vitro; however,
reconstitution of the asymmetric lipid bilayer of the bacterial
outer membrane into liposomes or lipid ﬁlms has not been
achieved. Fortuitously, the question of curvature induction by
exogenously added small molecules has been thoroughly investi-
gated using red blood cells (RBCs) (32–35). Lacking a nucleus,
RBCs essentially serve as complex giant unilamellar vesicles that
are unlikely to have PQS-speciﬁc receptors and are incapable of
altering gene expression in response to exogenous compounds.
Thus, they have the potential to serve as a largely inert system to
testthepropensityofPQStoinducemembranecurvature.Whatis
perhaps most appealing about RBCs, as opposed to liposomes, is
thattheyundergoobviousandwell-documentedshapechangesin
response to membrane-intercalating agents (32–35).
In1974,SheetzandSingerproposedthattheresponseofalipid
bilayer to amphiphilic small molecules was analogous to the re-
sponse of a bimetallic thermocouple to heat (35). That is, if the
amphiphilicmoleculeweretoconcentrateinonemembraneleaf-
let, whether by speciﬁc attraction to that leaﬂet or slow ﬂip-ﬂop,
thatleaﬂetwouldexpandrelativetotheotherandcausethemem-
braneasawholetocurve.Thisideawasdubbedthebilayer-couple
hypothesis (35), and Sheetz and Singer adopted the RBC as their
model system. Many experiments have shown that amphiphilic
molecules with diverse structures can induce the crenation (out-
wardbulgingofthemembrane,spiculeformation)orcupforma-
tion (inward bulging of the membrane) predicted by this hypoth-
esis (34–38), and examination of the leaﬂet distribution of
individualsmallmoleculeshaslentadditionalsupport(33).More
recently, the mechanics of RBC shape change were mathemati-
cally modeled and a single parameter, the ratio of leaﬂet areas,
could describe the entire shape change phenomenon (39). In the
work described here, we used the bilayer-couple RBC model to
show that PQS speciﬁcally induces curvature in RBC membranes
in a concentration-dependent manner. Other predictions of the
bilayer-couplehypothesiswerealsosatisﬁed,andweproposethat
asymmetric expansion of the outer leaﬂet of the outer membrane
be incorporated into a mechanistic model of P. aeruginosa OMV
formation.
RESULTS
PQSinducesRBChemolysis.RBCshavebeenusedfordecadesto
study the dissolution of small molecules into biological mem-
branes, speciﬁcally focusing on how these molecules impact RBC
shape (34–38). A key advantage of RBCs over liposomes or lipid
ﬁlms is that, analogous to the bacterial outer membrane, the cy-
toplasmicmembraneislinkedtoanunderlyingcytoskeleton.This
attachment provides stability to resulting shape changes and pre-
vents vesiculation, allowing membrane curvature caused by small
molecules to be stable and observed in real-time (39). Based on
our recent hypothesis that PQS is conﬁned to the outer leaﬂet of
the bacterial outer membrane (30, 40), we sought to examine the
impactofPQSonRBCshape.Previousstudiesdemonstratedthat,
above a certain threshold, insertion of small molecules into the
outer leaﬂet of the RBC membrane resulted in cell lysis (35). To
test whether addition of PQS to RBCs also induces lysis, we ex-
posed RBCs to increasing concentrations of the molecule, from
thelowendofthephysiologicalrange(5M)tobeyondthephys-
iological range (80 M). PQS induced a linear increase in hemo-
globin release (a measure of hemolysis) beginning at ~10 M
(Fig.2).At80M,theextentofhemolysiswas~70%ofthatofthe
hypotonic-lysis positive control. Thus, RBCs were able to tolerate
low concentrations of PQS, but as concentrations reached com-
FIG 1 Structures of the compounds used in this study.
TABLE 1 Sizes and hydrophobicities of the compounds used in this
study
Compound Molecular mass (g/mol) Avg clogPa value  SD
Chlorpromazine 318.90 4.88  0.48b
HHQc 243.38 4.80  0.31
PQS 259.38 4.34  0.60
C5-PQS 231.32 3.28  0.63
3-Oxo-C12-HSL 297.44 3.21  0.82
C3-PQS 203.26 2.30  0.48
C0-PQS 161.17 0.93  0.64
C4-HSL 171.22 0.29  0.41
a clogP (calculated log octanol-water partition coefﬁcient) values were estimated using
ALOGPS 2.1 (http://www.vcclab.org/lab/alogps/start.html)(53).
b Experimentally determined to be 5.41 (PhysProp database entry for CAS 50-53-3).
c HHQ, 2-heptyl-4-quinolone.
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This response is consistent with the proposal that PQS dissolves
into the membrane, where it causes morphological changes that
eventually lead to hemolysis. For subsequent experiments, PQS
was used at 5 M (unless otherwise noted) so that morphological
effects could be observed without risk of hemolysis.
PQS induces curvature in RBC membranes. Since PQS in-
duces RBC lysis in a manner similar to that of many other
curvature-inducing small molecules, we hypothesized that PQS
wouldinducemembranecurvatureatlowconcentrations.Totest
thishypothesis,weadaptedanexistingRBCsystemtoallowmem-
brane curvature to be observed in real time in unﬁxed cells. By
allowing RBCs to interact with PQS and then settle onto the bot-
tom of a chamber slide, the “glass effect” (41) and any artifacts
potentially introduced by chemical ﬁxation were avoided. In sup-
port of the bilayer-couple hypothesis, low concentrations of PQS
induced RBC crenation to form echinocytes (RBCs with outward
membrane protrusions) (Fig. 3A to C). A higher proportion of
RBCs were crenate when treated with 10 M than when treated
with 5 M PQS (Fig. 3C), suggesting a concentration-dependent
response. Though signiﬁcantly higher (P  0.05), the percentage
FIG 2 PQS induces RBC hemolysis. Washed RBCs were exposed to various
amountsofPQSfor30minatroomtemperature.Intactcellswereremovedby
centrifugation, and hemoglobin release was assessed by measuring the absor-
banceofthesupernatantat543nm.Resultsarepresentedaspercenthemolysis
relative to that of a hypotonic-lysis control where RBCs were lysed by resus-
pension in 10 mM Tris, pH 7.5. Each point represents the average of three
independent measurements  the standard error. HHQ, 2-heptyl-4-
quinolone.
FIG 3 PQS induces RBC membrane curvature. Compounds were added to washed RBCs and observed using light microscopy after 30 min. (A) RBCs treated
with DMSO only. (B) RBCs treated with 5 M PQS; white arrows point to echinocytes (spicule-containing cells). (C) RBCs were exposed to a series of
compoundstoassesstheimpactofchemicalstructureontheabilitytopromotemembranecurvature.Thebarsrepresenttheaveragenumberofechinocytesper
100cells.Averageswerecalculatedfromatleastthreeindependentmeasurements(6,800totalcells).Errorbarsshowthestandarderrorsofthemeans.Asterisks
represent statistically signiﬁcant differences from PQS (5 M) using a one-tailed t test. *, P  0.05; ***, P  0.0001. HHQ, 2-heptyl-4-quinolone.
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This may be due to bias introduced by a small amount of hemo-
lysis (Fig. 2) since crenation presumably precedes lysis.
QuantiﬁcationofPQSassociatedwithRBCs.Inordertopro-
mote curvature, the bilayer-couple model demands that a sufﬁ-
cient amount of PQS intercalate into the outer leaﬂet of the RBC
membrane. To examine PQS incorporation into RBCs, we incu-
bated5M[ 3H]PQSwithRBCsfor30minatroomtemperature.
RBCswerethenseparatedfromthesupernatantbycentrifugation,
washed,andanalyzedbyscintillationcounting.Resultsfromthese
experiments revealed that, if evenly distributed, each RBC con-
tained3.21060.4106PQSmolecules(averagestandard
error).
TodetermineiftheinsertionofthisnumberofPQSmolecules
issufﬁcienttoinducetheRBCmembranecurvatureobserved,we
usedtheAvogadrochemicalanalysisprogram(version1.0.3,http:
//avogadro.openmolecules.net/) to estimate the Van der Waals
cross-sectional area of PQS. Assuming a perfectly planar confor-
mation, adding the distance between the C-4 oxygen and N-1
hydrogenofPQStotheVanderWaalsradiiofoxygenandhydro-
gengavea“width”of0.78nm.Thisvaluemultipliedbythe“thick-
ness” of PQS, which is equal the diameter of carbon (0.34 nm),
gave a cross-sectional area of 0.26 nm2/molecule. The conforma-
tion PQS adopts in phospholipid or LPS membranes is not
known, but this value represents the minimum possible PQS sur-
face area. Using similar methodology, a maximum estimate for
the extended molecule was calculated to be 1.4 nm2/molecule.
Based on these values, incorporation of 3.2  106 PQS molecules
into a single RBC would cause a 0.6 to 3.2% increase in outer
leaﬂet area relative to the inner leaﬂet area. This range agrees well
with data observed for the curvature-inducing molecule phos-
phatidylcholine (1.7%) (42) and is within the expansion range
(0.4% to 0.9%) predicted theoretically to be necessary for curva-
ture induction (39). It is noteworthy that only a portion of the
RBCpopulationdevelopedspiculesinourexperiments.Thissug-
gests that exogenous PQS was not delivered equally to each cell,
perhaps as a result of incorporation of PQS micelles rather than
individual molecules; thus, some RBCs may have signiﬁcantly
higher levels of incorporated PQS. Regardless, we observed sufﬁ-
cient association of PQS with RBCs to fall within both theoretical
(39) and empirical (42) expectations of what would be necessary
to induce spicule formation by expansion of the membrane’s
outer leaﬂet.
Curvature induction is speciﬁc to PQS structure. In order to
better understand the nature of the PQS effect, we performed
structure-activity relationship experiments using PQS analogs
(Fig. 1; Table 1). There was a striking loss of curvature-inducing
potential when either the PQS alkyl chain was shortened or the
3-hydroxyl group was eliminated (Fig. 3C). As nonquinolone
controlsfortheseexperiments,wealsotestedtheabilityofthetwo
secreted P. aeruginosa acyl-homoserine lactone signals (Fig. 1) to
alter RBC shape. Butyryl-homoserine lactone (C4-HSL) and
3-oxo-dodecanoyl-homoserine lactone (3-oxo-C12-HSL) have
not been observed to promote OMV formation (18), despite the
fact that insertion of 3-oxo-C12-HSL into phospholipid mem-
branes has been demonstrated (43). Even at four times the con-
centration, neither homoserine lactone molecule induced curva-
ture in RBC membranes (Fig. 3C). Attempts to analyze the more
hydrophobic acyl-homoserine lactone signals produced by other
bacteria were hampered by their inability to dissolve in dimethyl
sulfoxide (DMSO), the only solvent tested that was well tolerated
by RBCs.
Curvature induction can be predictably reversed. Since the
bilayer-couple model predicts that spicule formation is the result
of asymmetric expansion of the outer leaﬂet relative to the inner
one,thiseffectshouldbedirectlyantagonizedbyasmallmolecule
that can preferentially expand the inner leaﬂet. This antagonism
has been demonstrated using mixtures of oleate and chlorprom-
azine, molecules well known to induce RBC crenation and cup
formation, respectively (34). To test whether the effect of PQS is
consistentwiththisprediction,weexposedRBCstobothPQSand
chlorpromazine. Titration of increasing amounts of chlorproma-
zine into samples of PQS-treated RBCs resulted in a
concentration-dependent antagonistic effect (Fig. 4), with crena-
tion completely abolished when PQS is present at a ratio of 1:1
with chlorpromazine. Thus, the bilayer-couple model describes a
consistent, speciﬁc effect of PQS that can be predictably antago-
nized by a molecule known to produce the opposite effect.
DISCUSSION
OMVs are well recognized trafﬁcking vehicles for several biologi-
cally active molecules, including toxins, antimicrobials, and quo-
rum signals. Although enhanced OMV formation occurs in re-
sponse to a membrane stress response in Escherichia coli (24),
most Gram-negative bacteria naturally produce OMVs while
growingunderperceivedoptimal,stress-freeconditions(44).The
goal of this study was to develop a robust model of OMV biogen-
esis during “normal” growth. Previous studies in our laboratory
andotherswereinstrumentalindevelopingthismodel,including
those showing that PQS, but not PQS signaling, is required for
P. aeruginosa OMV formation (25, 30, 31, 40, 45); exogenous ad-
ditionofPQSstimulatesOMVformationinotherGram-negative
bacteria (30); PQS accumulates in OMVs, suggesting that PQS
may nucleate in the membrane (18, 40); PQS possesses higher
afﬁnity for LPS than phospholipids, likely due to speciﬁc interac-
tions with lipid A (30); and the addition of PQS to LPS aggregates
induces the formation of OMV-sized LPS liposomes (30). Based
FIG4 The PQS effect is antagonized by chlorpromazine. Washed RBCs were
exposedtoPQS,bothPQSandchlorpromazine,orchlorpromazinealone.The
barsrepresenttheaveragenumbersofechinocytesper100cells.Averageswere
calculated from at least three independent measurements (6,800 total cells).
Errorbarsshowthestandarderrors.Asterisksrepresentstatisticallysigniﬁcant
differences from PQS (5 M) using a one-tailed t test. *, P  0.05; **, P 
0.0002; ***, P  0.0001. Chlor, chlorpromazine.
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proposeamodelwherePQSinducesOMVbiogenesisbyaccumu-
lating in the LPS-rich outer leaﬂet of the outer membrane, result-
ing in a bilayer-couple effect that induces membrane curvature,
ultimately leading to pinching off of the OMV due to physical
forces (Fig. 5). We submit that this is the dominant mechanism
governing OMV formation in P. aeruginosa under standard in
vitro growth conditions and that the secretion of membrane-
active molecules could be a general mechanism of OMV forma-
tion in many Gram-negative bacteria.
The bilayer-couple model makes a number of testable predic-
tions that we addressed in this study. It has long been appreciated
thatintercalationofmembrane-activesmallmoleculeseventually
leadstoRBChemolysis(reviewedinreference46),andweshowed
that increasing concentrations of PQS positively correlate with
hemolysis(Fig.2).Interestingly,PQScausedappreciablehemoly-
sisatconcentrationswellwithinthephysiologicalrangeproduced
by planktonically grown P. aeruginosa (47). Though PQS was not
previously thought to be a virulence factor itself (28), this ﬁnding
suggests that PQS may contribute to OMV cytotoxic effects. Low
concentrations of PQS also caused RBCs to become crenate—the
expected response to a molecule that accumulates in the outer
leaﬂet(Fig.3).UnlikewithLPS(30),PQSisnotknowntointeract
speciﬁcally with RBC phospholipids. Rather, an inherently low
rate of PQS ﬂip-ﬂop between leaﬂets is likely responsible for spic-
ule formation in RBCs. We predict that the inability to rapidly
equilibrate between leaﬂets is more pronounced in the bacterial
outer membrane due to strong interactions with LPS in the outer
leaﬂet (30). Interestingly, the presence of both the alkyl chain and
3-hydroxyl components of PQS was required for RBC curvature
induction (Fig. 3C), in agreement with the importance of these
substituents for OMV formation (30). These results highlight a
structure-speciﬁc response of biological membranes to PQS and
suggest that the RBC system could be useful in identifying OMV-
promoting small molecules from other organisms.
Thestrongesttestofthebilayer-couplemodelwasprovidedby
experiments combining PQS with chlorpromazine. Chlorproma-
zineinducesRBCinvagination(cupformation)throughaccumu-
lation in the inner leaﬂet, where it makes favorable ionic interac-
tionswithphospholipidsresidingthere(34).IfPQSactstoinduce
RBC spicule formation through expansion of the outer leaﬂet of
the membrane, it is logical that this effect would be counteracted
byamoleculethatexpandstheinnerleaﬂet.Weshowedthattreat-
ment of RBCs with PQS and chlorpromazine together resulted in
eliminationofthePQSeffect(Fig.4).Ataconstantconcentration
of PQS, this antagonism was directly proportional to the concen-
trationofchlorpromazine,withfullantagonismoccurringata1:1
ratio of the compounds. Under these conditions, the RBCs were
indistinguishable from cells that received no treatment. These ex-
periments demonstrated that the theoretical mechanisms under-
pinning the bilayer-couple model successfully predicted not only
the response of RBCs to PQS but also conditions under which the
PQSeffectwasnegated.Thus,themodelisrobustandcanbeused
to accurately describe natural phenomena.
Proposingabilayer-couplemechanismforP.aeruginosaOMV
biogenesis requires consideration of which membrane leaﬂet an
amphiphiliccompoundhasaccessto.Clearly,whenPQSisadded
exogenously to either RBCs or bacteria, as was the case in our in
vitro experiments, it has access to the outer leaﬂet of the mem-
brane. But is this the case for naturally produced PQS biosynthe-
sized in the cytoplasm (27)? Because of its strongly hydrophobic
character(Table1),PQSisunlikelytofreelydiffuseoutofthecell.
WhilethemechanismofPQSexportisnotfullyunderstood,ithas
been proposed that quinolones such as PQS are substrates for
RND family efﬂux pumps (48–50). Natural export of PQS via
active efﬂux would deliver the molecule directly to the outer sur-
faceofthebacterium,whereitcouldbeintercalatedintotheouter
leaﬂetoftheoutermembrane.Inthisway,weexpectthatnaturally
exported PQS would act in cis on the producing cell to induce
OMV formation for cell-to-cell trafﬁcking. The fact that exoge-
nously added PQS induces OMV formation in P. aeruginosa and
otherorganismsstronglysuggeststhattheouterleaﬂetisthetarget
location for PQS intercalation, and the strong afﬁnity of PQS for
LPS further strengthens this claim (30).
Vesicle biogenesis is a relatively new area of study in bacteria
but is well characterized in eukaryotes. However, eukaryotic ves-
icleproductionistypicallymediatedbyproteinfactorsthatintro-
duce curvature into the membrane (51). The proposed small-
molecule-based model therefore highlights a fascinating
divergence between prokaryotic and eukaryotic systems. In addi-
FIG 5 Bilayer-couple model of OMV formation in P. aeruginosa. The model
proposes that PQS induces OMV formation through a mechanism of asym-
metricexpansionoftheouterleaﬂetoftheoutermembrane.(A)WhetherPQS
is added exogenously or exported from the producing cell, the hydrophobic
nature of PQS causes it to associate with LPS, where it makes speciﬁc contacts
withthe4=-phosphateandacylchainsoflipidA.(B)Thesespeciﬁcinteractions
contributetoalowrateofﬂip-ﬂopbetweenleaﬂets,causingPQStoexpandthe
outer leaﬂet relative to the inner leaﬂet. When the ratio of the leaﬂet areas
becomes sufﬁciently large, the membrane as a whole is forced to buckle in
response to this asymmetry. (C) With continuing insertion of PQS, curvature
increases until OMVs, which can accommodate a large ratio of outer to inner
leaﬂetarea,budfromthesurface.Red,PQS;green,LPS;yellow,phospholipids.
Polysaccharides have been omitted from LPS for clarity.
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bacteria secrete a membrane-active small molecule that accumu-
lates in the outer leaﬂet of the outer membrane. Given that nu-
merous Gram-negative bacteria produce OMVs and that micro-
bial secreted metabolites comprise a vast chemical space, it is
probable that such a bilayer-couple mechanism is widespread.
The fact that PQS was the ﬁrst endogenous OMV-stimulating
molecule discovered likely owes more to its dual role in quorum
sensing than any mechanistic uniqueness.
In sum, we propose a new model of OMV biogenesis in
P.aeruginosaundernormallaboratorygrowthconditions(Fig.5).
We predict that accumulation of PQS in the outer leaﬂet induces
mechanical stress in the membrane that is alleviated by the pro-
trusion of outward-facing blebs and the eventual formation of
OMVs, which accommodate the increased ratio of outer to inner
leaﬂet areas. This model uniﬁes a number of observations regard-
ing OMV biogenesis and provides unique insight into an under-
studied trafﬁcking mechanism in prokaryotes.
MATERIALS AND METHODS
Materials. PQS, PQS analogs, and acylhomoserine lactones were from
SyntechSolutions(SanDiego,CA).CompoundsweredissolvedinDMSO
and sonicated for 10 min in a VWR Aquasonic 250T bath sonicator im-
mediately before dilution into experimental samples. [3H]PQS (0.43 Ci/
mmol) was from Amersham. Mouse RBCs were a kind gift of Andrew
Ellington and were used within1ho fharvesting. BALB/c or C57BL/6
mice were euthanized with strict adherence to institutional guidelines for
minimizing distress in experimental animals. Blood was collected in a
syringe via cardiac puncture, and CPD buffer (26.3 g/liter trisodium ci-
trate dihydrate, 3.27 g/liter citric acid monohydrate, 2.22 g/liter sodium
dihydrogen phosphate, 23.2 g/liter dextrose) was added to a 1:14 ratio of
CPDtoblood.Wholebloodwaswashedthreetimesbysedimentationand
resuspension in TBS (10 mM Tris, 146 mM NaCl, pH 7.5) before use.
Washed RBCs were diluted 400 times in TBS to give working solutions at
~0.1% hematocrit.
Hemolysis experiments. Samples of washed RBCs (1.5 ml; ~0.1%
hematocrit) were exposed to 5, 10, 20, 40, 60, or 80 M PQS. Samples
were incubated at room temperature for 30 min before intact RBCs were
separated by centrifugation at 1,000 rpm for 5 min in an IEC Centra CL2
centrifuge. Supernatants were analyzed for hemoglobin release by mea-
suringabsorbanceat543nm.Thebackgroundabsorbancemeasuredinan
untreated sample was subtracted from each value, and the data were nor-
malizedasapercentageofthevalueofthehypotonic-lysiscontrol.Forthis
control, washed RBCs were sedimented, resuspended in 10 mM Tris
(pH 7.5), and treated as described for PQS samples.
PQS incorporation. One-milliliter samples of washed RBCs (~0.1%
hematocrit) were exposed to 5 M[ 3H]PQS. Samples were incubated at
room temperature for 30 min before RBCs were separated by centrifuga-
tionat4,000rpmfor5mininaSpectrafugebenchtopcentrifuge.TheRBC
pelletwaswashedin1mlTBSandresedimentedbeforetheﬁnalpelletwas
resuspended in 1 ml TBS and analyzed for 3H radioactivity in a Beckman
Coulter LS6500 scintillation counter. Calculation of PQS insertion was
based on 1010 RBCs/ml in mouse blood (52).
Echinocytosis experiments. Five-hundred-microliter samples of
washedRBCs(~0.1%hematocrit)wereexposedtotheexperimentalcom-
pounds (Fig. 2) and mixed by inversion several times. One-hundred-
microliter subsamples were immediately transferred to the wells of a
chambered microscope slide (Lab-Tek II Chambered 1.5 German Cover-
glass System) and allowed to incubate for 30 min at room temperature.
Cells were then observed using a Nikon Eclipse TS100 inverted micro-
scope with a 40 objective, and multiple ﬁelds were photographed. Mi-
crographs were subsequently analyzed by manually counting and record-
ingthetotalnumberofcellsandthenumberofechinocytesobserved.For
chlorpromazine experiments, PQS was ﬁrst added to 500 l of washed
RBCs; this was followed immediately by the addition of chlorpromazine,
mixing, and transfer of the 100-l subsample to the chamber slide.
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